The vast majority of oxygenic photosynthetic organisms use monovinyl chlorophyll for their photosynthetic reactions. For the biosynthesis of this type of chlorophyll, the reduction of the 8-vinyl group that is located on the B ring of the macrocycle is essential. Previously, we identified the gene encoding 8-vinyl reductase responsible for this reaction in higher plants, and termed it DVR. Among the sequenced genomes of cyanobacteria, only several Synechococcus species contain DVR homologues. Therefore, it has been hypothesized that many other cyanobacteria producing monovinyl chlorophyll should contain a vinyl reductase which is unrelated to the higher-plant DVR. In order to identify the cyanobacterial gene that is responsible for monovinyl chlorophyll synthesis, we developed a bioinformatics tool, CCCT (Correlation Coefficient Calculation Tool), which calculates the correlation coefficient between the distributions of a certain phenotype and genes among a group of organisms. The program indicated that the distribution of a gene encoding a putative dehydrogenase-protein is best correlated with the distribution of the DVR-less cyanobacteria. We subsequently knocked out the corresponding gene (Slr1923) in Synechocystis sp. PCC6803 and characterized the mutant. The knock-out mutant lost its ability to synthesize monovinyl chlorophyll and, accumulated 3,8-divinyl chlorophyll instead. We concluded that Slr1923 encodes the vinyl reductase or a subunit essential for monovinyl chlorophyll synthesis. The function and evolution of 8-vinyl reductase genes are discussed.
common backbone structure gives rise to the diversity of chlorophylls (5, 6) . Among the variety of chlorophyll species, bacteriochlorophyll a and monovinyl chlorophyll a (Fig. 1 ) are most commonly used for the photochemistry in photosynthetic organisms. The exceptions to this are a group of marine cyanobacteria, Prochlorococcus species In our previous study, we identified a gene encoding 8-vinyl reductase which is responsible for the synthesis of monovinyl chlorophyll from Arabidopsis and termed the gene DVR (10) .
Homologues of the DVR gene were found in the genomes of higher plants, green algae and
Prasinophytes. In addition, most but not all green sulfur bacteria and some purple bacteria have DVR homologues that were termed bciA (19) . Interestingly, there were no homologues identified in the genome of a red alga, Cyanidioschyzon merolae. Homologues were also found in five Synechococcus species but were not identified in any other cyanobacteria.
Since Cyanidioschyzon merolae and the majority of cyanobacteria which lack DVR homologues synthesize monovinyl chlorophyll, it has been hypothesized that an unidentified 8-vinyl reductase is present in these organisms.
In order to identify the second DVR gene, we first searched for genes exclusive to In contrast, when another sequence shows high similarity to a gene found within the genomes of the "minus" group, the program generates a lower value that is closer to -180. With this strategy, both the pattern of gene distribution and the phenotype can be compared and scored.
RESULTS

Basic characterization of 8-vinyl reductase in
In this study, all ORFs from the Synechocystis sp. PCC 6803 genome were used as a query sequence, and BLAST searches were performed against each genome from 32 organisms that were categorized either in the "plus" or "minus" group (see Fig. 2 for the list of organisms). For each genome, an ORF exhibiting the lowest E value to each query sequence was selected, and its value was used for the calculation of the correlation coefficient.
Finally, all ORFs were ranked according to the order of higher correlation coefficient. Supplementary Fig. 1 ). Using an HPLC system incorporating a photo-diode array detector, we analyzed the pigment compositions of the slr1923 mutant and wild-type cells ( Fig.   3 ). In the mutant cells, a chromatographic peak corresponding to the monovinyl chlorophyll (8.56 min, peak 3-2) disappeared. Instead, another peak appeared at an earlier elution time (8.44 min, peak 3-1) in the mutant cells. The early peak in the mutant has the same retention time and absorption spectrum to those of 3,8-divinyl chlorophyll which accumulate in the dvr mutant of Arabidopsis thaliana (10). however, the β-carotene-to-chlorophyll ratio remained unchanged in the mutant cells. As mentioned in the discussion section, it is possible that the increase in the zeaxanthin contents is induced by the light stresses.
Electron microscopy showed that the average size of wild type cells was about 1.33±0.04 µm (n=4), whereas, the slr1923 mutant cells was about 1.15±0.07 µm (n=4) ( Fig. 4) . With respect to wild type, the number of thylakoid membranes per cell was greatly reduced in the mutant cells, and they also exhibited a wider space between thylakoid membranes. These morphological changes in the mutant cells may also indicate that they are experiencing stressful conditions. Part of the stress could be that the 3,8-divinyl chlorophyll does not bind well to the proteins and is partly present in free form, which would be highly phototoxic.
In our previous paper, we reported that the dvr mutant of Arabidopsis thaliana, whose Fig. 3B for the alignment of the sequences). Fig. 4 ). These data indicate that Supplementary Fig. 3) . At present, we cannot conclude whether the At1G04620 locus encodes a functional 8-vinyl reductase or not in Arabidopsis. Similarly, it is not clear whether the genes (or proteins) belonging to the higher-plant clade encode 8-vinyl reductase (Fig. 8) .
DISCUSSION
Bioinformatics analysis-
It is noteworthy that the Slr1923 homologue in Cyanidioschyzon merolae was categorized into the cyanobacterial clade ( Fig. 8A ). Since this organism does not contain a DVR homologue, and since the Slr1923 homologue of this organism is very similar to those of cyanobacteria (see Supplementary Fig. 3 ), it would be reasonable to assume that the Slr1923 Table 1 . In this table, a homologue belonging to a phylogenetical clade in which at least one gene was shown to encode the functional enzyme was indicted as "+". Homologues belonging to a clade in which functionality has not been experimentally confirmed is indicated as "±".
Lastly, organisms which lack a homologue are denoted by "-".
Two extreme hypotheses were developed to discuss the evolutionary history of 8-vinyl reductase genes. In the first hypothesis, we assumed that all DVR (BciA) and Slr1923 homologues indicated in Fig. 8 (32, 33) . The level of zeaxanthin increases by strong illumination (32) .
Therefore, it is possible that oxidative stress was generated in the slr1923 mutant cells even under normal light conditions.
We also observed a reduction in cell size and the number of thylakoid membranes. These Fig. 1) . Accordingly, what we call 3,8-divinyl chlorophyll a in this paper should be termed "8-deethyl-8-vinyl chlorophyll a". However, most plant physiologists commonly call this compound "3,8-divinyl chlorophyll a" or simply "divinyl chlorophyll a". We think this nomenclature is easier to understand. Therefore, we used the common nomenclature "3,8-divinyl chlorophyll a" instead of the IUPAC nomenclature in this paper
The abbreviations used are: CCCT, correlation coefficient calculation tool; HPLC, high-performance liquid chromatography; FRH, F420 reducing hydrogenase. Supplementary Fig. 1 Disruption of the Slr1923 gene by the insertion of the kanamycin-resistant cassette. To confirm the gene replacement, genomic Slr1923 fragments were generated by PCR amplification from wild type and slr1923 mutant colonies. Primers were designed to produce an 800-bp fragment from the wild-type Slr1923 gene and a 1760-bp fragment from the mutant slr1923 gene. 
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